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Motor deﬁcits associated with developmental coordination disorder are not attributable to macrostructural brain abnormalities, but differences in brain microstructure may exist. Using diffusion tensor
imaging, we explored the integrity of motor, sensory, and cerebellar pathways in children with and
without developmental coordination disorder. In seven children with the disorder and nine typically
developing children (aged 8-12 years), we measured diffusivity and fractional anisotropy of the corticospinal tract, posterior thalamic radiation, and superior and middle cerebellar peduncles. Fractional
anisotropy of motor and sensory tracts and diffusion parameters in cerebellar peduncles did not differ
between groups. Mean diffusivity of the corticospinal tract and posterior thalamic radiation was lower
in children with developmental coordination disorder compared with control children (P < 0.04 and
P < 0.06, respectively). Results were driven by lower axial diffusivity, which was signiﬁcantly correlated
with motor impairment scores on the Movement Assessment Battery for Children-2 for both the corticospinal tract (r ¼ 0.56, P ¼ 0.03) and posterior thalamic radiation (r ¼ 0.70, P ¼ 0.003). Reduced axial
diffusivity in motor and sensory tracts may be implicated in developmental coordination disorder, but
replication in a larger study is needed to conﬁrm these ﬁndings.
Ó 2012 Elsevier Inc. All rights reserved.

Introduction
Developmental coordination disorder affects approximately 5%
of school-age children. It is a motor disorder of unknown etiology
that signiﬁcantly interferes with a child’s ability to perform activities of daily living [1]. Children with developmental coordination
disorder struggle to complete self-care and academic tasks that
require ﬁne motor coordination. They may also experience difﬁculty with gross motor tasks, such as catching a ball or riding a bike.
Central nervous system pathology is thought to underlie the
disorder, but has only recently been a source of investigation.
Recent studies indicated differences in patterns of brain activation
in children with developmental coordination disorder, compared
with typically developing children [2-5]. Studies have been limited
to functional magnetic resonance imaging. However, other neuroimaging studies of children with developmental coordination
disorder are key to a better understanding of the neurobiology
underlying this disorder. In the absence of evidence for brain
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macrostructural differences in children with developmental coordination disorder, differences may exist at the microstructural level,
which can now be measured with advanced neuroimaging techniques such as diffusion tensor imaging.
This pilot study sought to explore the integrity of motor,
sensory, and cerebellar pathways, using diffusion tensor imaging in
children with and without developmental coordination disorder.
The major voluntary motor pathway, the corticospinal tract, and
the sensory pathway from the posterior thalamic radiation have
been implicated in other motor disorders, such as cerebral palsy [6].
Compared with typically developing children, children with cerebral palsy exhibited lower water diffusion along the length of their
axons, and this ﬁnding was signiﬁcantly correlated with functional
levels on the Gross Motor Function Classiﬁcation System [6]. In
addition to the corticospinal tract and posterior thalamic radiation,
we explored cerebellar pathways, given the hypothesized role of
the cerebellum in developmental coordination disorder [7]. We
selected the middle cerebellar peduncle because it carries pathways associated with the initiation, planning, and timing of motor
activity [8], all thought to be affected in developmental coordination disorder [9]. We also traced the superior cerebellar peduncle
because it contains pathways that carry information from the
cerebellum to the primary motor and premotor areas of the cortex
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[8]. We hypothesized that children with developmental coordination disorder would demonstrate different diffusion parameters in
each of these motor, sensory, and cerebellar pathways, compared
with typically developing children.
Methods
Participants
Seven children with developmental coordination disorder (six boys and one girl;
mean age, 10 years and 10 months; S.D., 1 year and 6 months; range, 8 years and 7
months to 12 years and 4 months) and nine typically developing control children
(six boys and three girls; mean age, 10 years and 4 months; S.D., 1 year and 7
months; range, 8 years and 1 month to 12 years and 6 months) were recruited, using
methods described in detail in our previous work [4,5]. Children with developmental coordination disorder were included if they met ﬁve criteria: (1) a score of
16th percentile on an assessment of motor impairment, i.e., the Movement
Assessment Battery for Children-2 [10]; (2) a score in the range of “suspect developmental coordination disorder” or “indicative of developmental coordination
disorder” on a parent-completed measure, the Developmental Coordination
Disorder Questionnaire [11]; (3) a report by the parent and child during clinical
interviews that motor difﬁculties interfered considerably with their ability to
perform daily activities [12]; (4) a score of >80 on the Kaufmann Brief Intelligence
Test-2 [13]; and (5) a score of <70 on Conners’ Attention Deﬁcit Hyperactivity
Disorder Diagnostic Scale, to exclude clinically signiﬁcant attentional difﬁculties
[14]. Children were excluded if they had received a diagnosis of attention deﬁcit
hyperactivity disorder, or if they were suspected of manifesting another medical
condition that could explain their motor problems (e.g., cerebral palsy or autism
spectrum disorder). Typically developing children were also assessed with the same
measures and were included if they scored within normal range.
All participants were screened to ensure they could safely undergo magnetic
resonance imaging (i.e., no metallic objects in their body or a history of major
psychiatric diagnosis, claustrophobia, or seizures). We obtained ethical approval
from the Clinical Research Ethics Board of the University of British Columbia, and
approval for recruitment from the Vancouver Coastal Health Research Institute and
the Vancouver School Board. Parents consented and children assented to participation in the study and to subsequent publication of the results.
Diffusion tensor imaging
Testing was conducted at the University of British Columbia Magnetic Resonance Imaging Research Centre on a Philips Achieva 3.0 T whole-body magnetic
resonance imaging scanner (Phillips Healthcare, Andover, MD), using a sensitivity
encoding head coil. Children received a single, high-resolution anatomic scan
(repetition time, 12.4 ms; echo time, 5.4 ms; ﬂip angle q, 8 ; ﬁeld of view, 256 mm;
170 slices; 1-mm thickness) [4,5]. Diffusion-weighted data were collected with an
echo-planar imaging sequence with a single-shot readout (repetition time, 7465 ms;
echo time, 75 ms; ﬁeld of view, 212  212 mm; 60 slices; 2.2-mm slice thickness;
voxel dimension, 2.2 mm3). A scanner-speciﬁc gradient table was used. Diffusion
weighting was performed across 16 independent orientations (b ¼ 1000 seconds/
mm2), with the acquisition of an additional minimal diffusion-weighted image (b ¼
0).
To map the motor and sensory tracts, we performed diffusion tensor tractography with DTIStudio software (https://www.mristudio.org), using the method of
ﬁber assignment by continuous tracking [15,16]. Tracts that were of interest included
the corticospinal tract and posterior thalamic radiation because of their association
with motor function in children with cerebral palsy [6]. We initiated ﬁber tracking of
the corticospinal tract with a seeding region-of-interest in the posterior limb of the
internal capsule, followed by the placement of two limiting regions-of-interest in
the white matter under the precentral gyrus and in the cerebral peduncle (Fig 1A-C)
[17]. We conducted ﬁber tracking of the sensory tract by placing a region-of-interest
at the posterior thalamus and in the white matter under the postcentral gyrus
(Figure 1D,E). For both tracts, we used a fractional anisotropy threshold of 0.15 and
an angle threshold of 60 [6]. To measure diffusion parameters in the cerebellum, we
placed a region-of-interest in the superior and middle cerebellar peduncles (Fig
1F,G). These peduncles can be traced easily and contain efferent and afferent
pathways. The superior cerebellar peduncle contains pathways from the cerebellum
to the primary motor and premotor areas of the cortex, whereas the middle cerebellar peduncle contains afferent pathways associated with the initiation, planning,
and timing of motor activity [8]. The ﬁrst author (J.G.Z.) conducted all ﬁber tracking
and region-of-interest placement.
Two primary diffusion statistics were calculated: (1) mean diffusivity, which is
the average amount of water diffusion in three orthogonal directions (l1, l2, and l3);
and (2) fractional anisotropy, which reﬂects the variance of these three eigen values
and represents the direction of water diffusion. To better characterize signiﬁcant and
near-signiﬁcant differences in mean diffusivity, we also calculated axial diffusivity
(l1, i.e., the diffusion of water parallel to the primary direction of the tracts) and
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radial diffusivity [(l2 þ l3)/2, i.e., water diffusion perpendicular to the tracts]. For
each diffusion parameter, the left and right sides were averaged to obtain a single
value.
Data analysis
Statistical analyses were performed using PASW Statistics, release 18.0.3,
September 9, 2010 (IBM, New York, NY). The means and S.D. of mean diffusivity
and fractional anisotropy were calculated for each tract and region-of-interest.
Analysis of variance was used to report group differences in clinical measures,
such as the Movement Assessment Battery for Children-2. Because mean diffusivity
and fractional anisotropy in white matter change with development [18], analysis
of covariance was used, with age as a covariate, to examine group differences in
diffusion parameters in the corticospinal tract, posterior thalamic radiation, and
superior and middle cerebellar peduncles. Pearson correlation coefﬁcients were
calculated to explore relationships between axial diffusivity and the degree of
motor impairment. Because this study was exploratory, signiﬁcance was set at P <
0.05 for all calculations.

Results
Participants
Descriptive results are presented in Table 1. As expected,
signiﬁcant differences were evident between children with developmental coordination disorder and typically developing, control
children on measures of motor impairment (the Movement
Assessment Battery for Children-2) and of impact on everyday
function (the Developmental Coordination Disorder Questionnaire). The groups did not differ signiﬁcantly in terms of age or
estimates of intelligence according to the Kaufman Brief Test of
Intelligence-2, but children with developmental coordination
disorder were reported by parents (using Conners’ Attention Deﬁcit
Hyperactivity Disorder Diagnostic Scale) to exhibit more signs of
inattention or hyperactivity, compared to the control group. This
ﬁnding is consistent with the literature, suggesting that children
with developmental coordination disorder may manifest more
attentional difﬁculties compared to their peers [19].
Diffusion parameters
Contrary to our hypothesis, no signiﬁcant differences were
evident between children with and without developmental coordination disorder in fractional anisotropy of the corticospinal tract,
posterior thalamic radiation, or cerebellar peduncles (Table 1).
However, the mean diffusivity of the corticospinal tract was
signiﬁcantly lower in children with developmental coordination
disorder, compared to control children (P < 0.04), and a trend was
evident toward lower mean diffusivity in the posterior thalamic
radiation in the group with developmental coordination disorder (P
< 0.06). To better characterize this effect, we explored group
differences in axial and radial diffusivity in these two tracts. As
quantiﬁed in Table 1, no differences were observed in radial diffusivity, but trends were again evident toward lower axial diffusivity
in both the corticospinal tract and posterior thalamic radiation in
children with developmental coordination disorder, compared
with typically developing children (both tracts, P < 0.06). No
signiﬁcant differences in mean diffusivity of the superior or middle
cerebellar peduncles were observed between the two groups.
Correlations with motor impairment
Given the borderline signiﬁcant differences in axial diffusivity of
the corticospinal tract and posterior thalamic radiation, we performed an exploratory correlational analysis to determine if any
relationship existed between water diffusion parallel to the tracts
and the degree of motor impairment. As depicted in Figs 2 and 3,
mean axial diffusivity was signiﬁcantly correlated with Movement
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Figure 1. (A-C) Diffusion tensor images of the corticospinal tract (red). (D,E) Diffusion tensor images of the posterior thalamic radiation (yellow). (F) Diffusion tensor image of the
superior cerebellar peduncle (light blue). (G) Diffusion tensor image of the middle cerebellar peduncle (green) (A) Arrow indicates limiting region-of-interest in the cerebral
peduncle. (B) Arrow indicates seeding region-of-interest in the posterior limb of the internal capsule. (C) Arrow indicates limiting region-of-interest in the white matter underlying
the motor cortex. (D) Arrow indicates limiting region-of-interest in posterior thalamic radiation. (E) Arrow indicates limiting region-of-interest in the white matter underlying the
sensory cortex. (F) Arrow indicates region-of-interest in the superior cerebellar peduncle. (G) Arrow indicates region-of-interest in the middle cerebellar peduncle.
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Table 1. Clinical characteristics and diffusion parameters according to group
DCD

Age
MABC-2 (percentiles)
DCDQ
KBIT-2
CADS
Corticospinal tract
Mean fractional anisotropy
Mean diffusivity
Mean axial diffusivity
Mean radial diffusivity
Posterior thalamic radiation
Mean fractional anisotropy
Mean diffusivity
Mean axial diffusivity
Mean radial diffusivity
Superior cerebellar peduncle
Mean fractional anisotropy
Mean diffusivity
Middle cerebellar peduncle
Mean fractional anisotropy
Mean diffusivity

Typical

P

Mean

S.D.

Mean

S.D.

10 years and 10 months
6.9
36.0
112.6
57.6

1 year and 6 months
6.9
10.0
11.4
6.9

10 years and 4 months
51.4
65.6
110.4
48.4

1 year and 7 months
18.2
8.0
15.3
6.0

0.62
7.29  104
1.34  103
4.23  104

0.013
1.47  105
3.63  105
1.12  105

0.63
7.47  104
1.38  103
4.27  104

0.028
1.84  105
3.54  105
2.89  105

0.83
0.04
0.06
0.49

0.48
7.28  104
1.15  103
5.18  104

0.024
1.60  105
3.19  105
1.71  105

0.48
7.50  104
1.19  103
5.29  104

0.023
2.31  105
4.19  105
2.48  105

0.84
0.07
0.06
0.53

0.65
3.02  103

0.056
2.94  104

0.68
2.40  103

0.031
6.67  104

0.16
0.11

0.72
7.25  104

0.025
4.27  105

0.73
7.16  104

0.029
2.35  105

0.43
0.66

0.55
<0.001
<0.001
0.76
0.01

Abbreviations:
CADS
¼ Conners’ Attention Deﬁcit Hyperactivity Disorder Diagnostic Scale
DCD
¼ Developmental Coordination Disorder
DCDQ
¼ Developmental Coordination Disorder Questionnaire
KBIT-2 ¼ Kaufmann Brief Intelligence Test-2
MABC-2 ¼ Movement Assessment Battery for Children-2

Assessment Battery for Children-2 scores for both the corticospinal
tract (r ¼ 0.56, P ¼ 0.03; Fig 2) and posterior thalamic radiation
(r ¼ 0.70, P ¼ 0.003; Fig 3).

Discussion
We used diffusion tensor imaging to compare the integrity of
motor, sensory, and cerebellar pathways in children with and
without developmental coordination disorder. Diffusion tensor
imaging allowed for measurement of the magnitude and direction
of water diffusion in brain regions, providing an indication of
microstructural integrity. We determined that the mean diffusivity
of the corticospinal tract, the major pathway for voluntary motor
movement, was signiﬁcantly lower in children with developmental
coordination disorder. This ﬁnding suggests that the magnitude of
water diffusion in the corticospinal tract is lower in children with
developmental coordination disorder compared to control children. Although the results were not statistically signiﬁcant, mean
diffusivity was lower in the posterior thalamic radiation in children
with developmental coordination disorder compared with control
children, suggesting that the integrity of the sensory tract may also
be affected in developmental coordination disorder. We did not
observe any difference between groups regarding the fractional
anisotropy of either tract, which suggests that the direction of
water diffusion along the length of the tract is similar between the
two groups of children.
The pattern of diffusion differences was somewhat surprising.
Lower mean diffusivity is usually evident with increasing age [18],
but this fact is unlikely to explain our ﬁndings. The group with
developmental coordination disorder was slightly older than the
control group, but the difference in age was not signiﬁcant, and we
controlled for age in our analysis. Age-related changes in white
matter are typically reﬂected by higher fractional anisotropy
(driven by changes in radial diffusivity) [18], neither of which
differed between the children with developmental coordination
disorder and typically developing control subjects in our study.

Lower mean diffusivity in developmental coordination disorder
is also contrary to ﬁndings in other pediatric populations with
neurologic impairment. Compared to control children, children
with cerebral palsy [20] and those with traumatic brain injury [21]
exhibited lower fractional anisotropy and increased mean diffusivity. These contrasting results may be attributable to the different
mechanisms underlying these disorders, compared with developmental coordination disorder. Both cerebral palsy and traumatic
brain injury have been clearly linked to macrostructural injury of
the brain, but to date, overt brain injury has not been reported in
developmental coordination disorder.
Recognizing that lower mean diffusivity may be a spurious
ﬁnding, given our small sample size, we looked at differences in
axial and radial diffusivity to better characterize our data. Our
results suggest that the lower diffusivity of the motor and sensory
pathways in the group with developmental coordination disorder
was driven by lower axial diffusivity. Altered axial diffusivity in
children with developmental coordination disorder implies that

Figure 2. Axial diffusivity in the corticospinal tract according to Movement Assessment Battery for Children-2 (MABC-2) scores (r ¼ 0.56, P ¼ 0.03). DCD, developmental
coordination disorder; TD, typically developing.
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developmental coordination disorder. Our work can be used to
calculate sample sizes for larger diffusion tensor imaging studies of
children with developmental coordination disorder. In addition to
larger sample sizes, future studies could expand on this work by
incorporating more diffusion directions in the diffusion tensor
protocol to increase the accuracy of diffusion measures. Our study
may have been strengthened by using the stricter cutoff of <5th
percentile on the Movement Assessment Battery for Children-2,
although we still observed signiﬁcant differences using a more
liberal cutoff score. Given our preliminary results, it would be
interesting to determine if any differences exist in the diffusion
parameters of motor and sensory pathways in children who score in
the lower ranges of the Movement Assessment Battery for Children2 (1st to 5th percentiles), compared with those manifesting
borderline motor impairment scores (6th to 15th percentiles).
Figure 3. Axial diffusivity in the posterior thalamic radiation according to Movement
Assessment Battery for Children-2 (MABC-2) scores (r ¼ 0.70, P ¼ 0.003). DCD,
developmental coordination disorder; TD, typically developing.

differences may exist in the intrinsic characteristics of axons or in
the extra-axonal/extracellular space [22], or may be attributable to
reduced water content [23]. Yet the similar radial diffusivity in
children with and without developmental coordination disorder
suggests that no difference exists in myelination or glial cell
morphology [24]. Interestingly, the same ﬁnding of reduced axial
diffusivity compared with control subjects was observed in the
white matter pathways of children with autism [25] and developmental dyslexia [26]. In contrast to our results, lower axial diffusivity was accompanied by reductions in fractional anisotropy in
these studies [25,26]. Although we may have not been able to
detect differences in fractional anisotropy because of our small
sample size, changes in diffusivity without an accompanying
change in fractional anisotropy are possible. In addition, lower axial
diffusivity appears to have clinical signiﬁcance. We observed that
the axial diffusivity of motor and sensory pathways was signiﬁcantly associated with scores on the Movement Assessment Battery
for Children-2. Low scores on this measure were highly related to
low axial diffusivity of the corticospinal tract, and even more
strongly related to low diffusivity of the posterior thalamic radiation. Our results, in conjunction with the reported lower axial
diffusivity in autism [24] and developmental dyslexia [25], suggest
that reduced axial diffusivity may play a role in developmental
disorders, perhaps by means of altered axonal microstructure [22]
or reduced water content [23].
Given the hypothesized role of the cerebellum in developmental
coordination disorder [7], we were surprised to observe no differences between children with and without developmental coordination disorder in mean diffusivity and fractional anisotropy in the
superior and middle cerebellar peduncles. These ﬁndings imply
that no microstructural differences may exist between children
with developmental coordination disorder and typically developing
children along the efferent and afferent pathways contained within
these cerebellar peduncles. These results, combined with the relative underactivation of the cerebellum in children with developmental coordination disorder (as indicated by functional magnetic
resonance imaging) [5], suggest that the hypothesized cerebellar
involvement in the disorder may be related to the cerebellum itself,
rather than to the connections to and from it. Examining cerebellar
volumes and other macrostructural differences between children
with and without developmental coordination disorder would be
worth investigating, to test this hypothesis.
The main limitation of our study involves the small sample size.
However, this pilot study was performed because no other work, to
the best of our knowledge, has examined the integrity of motor,
sensory, and cerebellar pathways in children with and without

Conclusion
The results of this pilot study indicate that the mean diffusivity
of motor and sensory pathways is lower in children with developmental coordination disorder, compared to control subjects. The
axial diffusivity of the corticospinal tract and posterior thalamic
radiation is highly and signiﬁcantly correlated with the degree of
motor impairment, as measured by the Movement Assessment
Battery for Children-2. These data suggest that differences in the
intrinsic characteristics of axons or in the extra-axonal/
extracellular space may underpin some of the deﬁcits observed in
children with developmental coordination disorder. To verify this
hypothesis, our results should be replicated with a larger sample.
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